crops every 3 yr) and even continuous (annual) cropping in some instances. For example, annualized grain yields 
term infiltration can be affected by the hydraulic conductivity characteristics of deeper soil layers. Site latitude (evaporation potential), landscape slope, and cropping W ater is the most important and limiting factor system intensity interact to affect surface soil physical in dryland cropping systems in eastern Colorado properties important to water capture and infiltration. By determining the extent to which these factors influ- (Peterson et al., 1993) . Average precipitation for this ence surface soil physical properties, we can determine region ranges from 395 mm yr Ϫ1 in southeastern Colowhich cropping systems maximize potential infiltration, rado to 440 mm yr Ϫ1 in northeastern Colorado (Peterwater availability for crops, and precipitation use effison et al., 1993; Peterson et al., 1999) . Growing season ciency (PUE) of the system. (March-October) open-pan evaporation averages 1600 Numerous studies have been conducted to address mm in the northeast region of Colorado to 1975 mm in soil physical properties. Dao (1996) found that tillage the southeast region of Colorado (Peterson et al., 1993;  initially decreased bulk density, but no-till had a lower Peterson et al., 1999) . These conditions create a water bulk density than the more traditional methods by the deficit for crops and therefore it is important to maxend of the growing season. He also found that increased imize infiltration rates to capture as much precipitation crop residue amounts decreased bulk density in the 0-as possible for plant use. This will decrease evaporation, to 0.05-m soil layer. Hammel (1989) found that no-till runoff, and potential erosion.
soil had a higher bulk density relative to tillage systems Historically, the WF cropping system has dominated in the surface 0.3 m of soil. However, when 2-and Central Great Plains agriculture. In the western Central 3-yr cropping systems were included in the comparison, Great Plains this system requires a 14-mo fallow period differences because of tillage were nonexistent when between the harvest and planting of wheat crops. Unforaveraged over a depth of 0 to 0.5 m. These studies also tunately, water storage efficiencies during fallow are reflect total porosity because of the direct relationship Ͻ25%. Consequently Ͼ75% of the precipitation is lost of bulk density and porosity. If no-till decreases bulk to evaporation, runoff, weed use, etc. (Peterson and density, it must also increase total porosity. Roseberg Westfall, 1996) . Research over the past 12 yr has shown and McCoy (1992) found that tillage increased total that no-till management permits cropping intensification porosity, but that macropores (effective pores) decreased from one crop every 2 yr to systems like WCF (two in number, stability, and continuity compared with notill soil.
of the soil. Effective porosity has been related to saturosity, sorptivity, and aggregate stability in the surface 2.5 cm of soil at three eastern Colorado sites. rated hydraulic conductivity (Ahuja et al., 1984; Ahuja et al., 1989) . However, it also reflects the percentage of 2. To relate bulk density, total and effective porosity, sorptvity, and aggregate stability in the surface total pores that are open to infiltration during a rain event. Little work has been done relating effective po-2.5 cm of soil to crop residue returned to the soil by site, slope, and cropping system. rosity and macropores.
Sorptivity is defined as the cumulative infiltration proWe hypothesized that cropping systems more intenportionality constant (Philip, 1957) . We found no resive than WF will decrease bulk density, increase porosported studies that used sorptivity as a measure of cropity (both total and effective), increase soil sorptivity, ping system effects on soil water properties. However, and increase aggregate stability in the surface 2.5 cm of there are several reported infiltration studies using rainsoil because more residue is returned to the surface. We fall simulators and double ring infiltrometers. Although also hypothesized that toeslope positions would have the methods differ, they should give us an idea of what decreased bulk density, increased porosity, sorptivity, to expect. Unger (1992) , using simulated rainfall, found and aggregate stability compared with summit slope that soil-loosening tillage increased infiltration on plots positions because of the increased crop residue producwith limited residues, but residue cover alone had no tion on the toe slopes of all sites. effect on infiltration. Dao (1993) , using double ring infiltrometers, found that no-till with surface residues sig-MATERIALS AND METHODS nificantly increased ponded infiltration relative to tradiSampling for this study was conducted in the summer of 1998 tional tillage methods. The residue cover decreased the after 12 yr of research in the Dryland Agroecosystem Project potential for crusting from raindrop impact and de- (Peterson et al., 1993) . The study included three sites, three creased the surface bulk density allowing for higher incropping systems, and two slope positions per site. All samples filtration. Freese et al. (1993) , using a sprinkling infiltrowere taken from the surface 2.5 cm of the soil.
meter, also found that no-till had higher infiltration rates than chisel and moldboard plowing immediately after Sites tillage, and after corn harvest. Chisel and moldboard Elliott (1986) showed that aggregate stability de- (Peterson et al., 1999; Peterson et al., 1993) . All sites had been managed with tillage in either WF not a cropping system comparison, we can deduce that (Sterling and Stratton) or sorghum-fallow (Walsh) systems for higher cropping intensity systems should have greater more than 50 yr until no-till management was imposed in 1985.
aggregate stability than lower intensity systems because Each site is located on a soil catena consisting of a summit of greater organic C addition. Less intensive tillage reslope, side slope, and toeslope. Only the summit and toeslopes sults in more macroaggregates because fewer are deof each site were sampled for this study. The Sterling summit stroyed (Cambardella and Elliot, 1993; Tisdall and Oades, is classified as a fine, mixed, mesic Ardic Argiustoll and the toe 1980). Tillage had no effect on individual microaggreis a fine-loamy, mixed mesic Pachic Argisutoll. The Stratton gates (Tisdall and Oades, 1980) . summit is a fine-silty, mixed, mesic, Aridic Argiustoll and the Previous work on soil physical properties concentoe is a fine-silty, mixed, mesic, Pachic Argiustoll. The Walsh summit is classified as a fine-loamy, mixed, mesic Aridic Ustotrated on tillage effects but few studies have compared chrept, and the toe is a fine, montmorillonitic, mesic Aridic the effects of cropping systems on soil physical proper- Argiustoll. ties within no-till management. Also, few studies have Each site had two replications and each replication had concentrated only on the surface 2.5 cm of soil, the each phase of every cropping system each year (i.e., for the initial soil-water interface. Our study is unique in that WCF cropping system there were three separate strips in each it examined the effect of cropping systems on surface replication; one in wheat, one in corn, and one in fallow).
soil physical properties over a soil catena. It was also Cropping systems were set up as strips that go along each unique in studying these properties across sites with slope on the catena. Each strip was 6.1 m wide and varied in differing evaporation potentials. By accounting for clilength from 225 to 325 m depending on site. Each cropping system was sampled in each replication at both the summit matic, topographic, and soil factors, the potential for and toeslope positions.
extrapolation and interpolation of the data to other areas increases. Finally, our long-term Dryland AgroeCropping Systems cosystem Project allowed us to measure these effects whose cumulative impact may be obvious only after Sampling was done after the first 12-yr cycle of the experisurface soil samples were placed in a stack of sieves of progressively smaller size attached to a dipping mechanism. The sieves ment. To standardize sample times within a system, we sampled after wheat harvest so that all sampling positions were were cycled through a column of water for 10 min. (30 times per minute, 3.8-cm stroke) yielding a delineated size fraction in a similar condition. Continuous cropping systems at Sterling and Stratton were in wheat in 1998, so wheat phases of the of water stable aggregates. The percentage of aggregates as a fraction of the total soil sample was then calculated. Aggre-WCF and WF systems were selected for sampling. At Walsh however, CC was in grain sorghum at the time of soil sampling.
gates were then fractionated into macro (Ͼ0.25 mm) and microaggregate (Ͻ0.25 mm) categories. All aggregate fractions were corrected for sand content by dispersion with Na-hexaBulk Density, Total Porosity, and Effective Porosity metaphosphate (HMP). Bulk density was determined using a modified version of the core method (Blake, 1986) . A 100.9-cm 3 metal cylinder was
Particle-Size Analysis (Texture)
pressed into the soil surface leaving a 5-mm gap (approximate) between the soil surface and the top edge of the cylinder. The Particle-size analysis was conducted using the hydrometer soil around the cylinder was excavated and the cylinder with method (Gee and Bauder, 1986) . Samples were dispersed the core in place was removed by sliding a trowel under the cylchemically using HMP and then physically by a reciprocating inder. Cores were dried to 105ЊC. and weighed. The air space shaker for 16 h. Samples were transferred to 1-L graduated left in the cylinder was back filled with laboratory test sand of cylinders and allowed to equilibrate for 2 h. They were stirred known density and the sample was weighed again. The differwith a plunger and a hydrometer reading was recorded. The ence between these two weights was the mass of the sand.
samples were undisturbed for 6 h and then a second hydromeSand mass divided by the density of the sand yielded the volter reading was recorded. All measurements were recorded ume of the cylinder displaced by the sand. Bulk density was at a lab temperature of 25 ЊC. then back calculated by subtracting the volume of the cylinder by the volume displaced by the test sand giving the volume
Statistical Analysis
of the remaining soil core. Core mass divided by the core volAnalyses of Variance were done using the Mixed Procedure ume resulted in the surface soil bulk density.
of the Statistical Analysis System (SAS) (SAS Institute, 1999) Total porosity was calculated using the equation and relafor tests of all main effects and interactions. The option Means tionship developed by Danielson and Sutherland (1986) .
in the GLM procedure was used to attain all mean values and main effect LSDs. Significant Interaction (P Յ 0.1) LSDs for
2.65 (g cm
mean separation were calculated by comparing slopes within sites (site ϫ slope), cropping system within site (site ϫ cropEffective porosity was determined based on the concepts ping system), cropping system within slope (slope ϫ cropping developed by Ahuja et al. (1984) . The aforementioned soil system), and cropping system within site and slope (site ϫ cores were saturated and placed on pressure plates at Ϫ10 slope ϫ cropping system). kPa suction and then weighed. The wet weight minus the dry weight yields the volumetric water content at Ϫ10 kPa. This value was subtracted from the total porosity yielding effec-
RESULTS AND DISCUSSION
tive porosity.
Texture Sorptivity
The soil texture of each sample position is important as it directly affects bulk density, porosity, sorptivity, Sorptivity measurements were made using methods reported by Smith (1999), with one change. Steel rings, 15 cm and aggregation. The sandy loam texture at the Walsh long, and 5 cm in diameter were driven ෂ3 cm deep into the summit (Table 1 ) allowed for lower overall porosity soil. A measured volume of water that equaled a 1-cm depth in the ring was then instantly poured. Then the complete (Table 2) . Sites (Stratthe case for macroaggregates at this position and bulk density was higher within this texture. With the high ton), slopes (toeslope), and cropping systems (CC) that produced the highest levels of residue should also prosand and low clay content there is little particle cohesion to aid in pore and aggregate formation, and sand partiduce the highest quantities of organic C in the soil. Organic C acts as a glue to aid in the formation of macroagcles have a higher density than silt or clay particles resulting in the higher bulk density. These reasons also gregates and pores, which will affect sorptivity and bulk density. Therefore, with greater plant residue there should help explain the results within the other textures. The clay loam and silty clay loam textures at the Stratton be greater organic C, and subsequently higher aggregation, porosity, sorptivity, and lower bulk density. summit and toe (Table 1) had the highest levels of clay and therefore, the highest potential for particle cohesion. This resulted in the highest levels of porosity, sorpPorosity tivity, and macroaggregation and lowest bulk density.
Our hypothesis that cropping systems which produce The loam textures at the Sterling summit and toe, and and return more crop residue compared with WF to the the Walsh toe have intermediate levels of clay (comsoil increase total porosity is supported by the data in pared with the other textures) and resulted in intermedi- Table 3 . Continuous cropping had a total porosity of ate levels of porosity, sorptivity, aggregation, and bulk 0.54 m 3 m Ϫ3 , which was significantly higher than WF density. Textural effects on the results become imporwith 0.50 m 3 m
Ϫ3
. Wheat-corn-fallow total porosity was tant when analyzing site by slope, and site by slope by not significantly different than CC or WF with 0.52 m 3 cropping system interactions. When analyzing site, slope, m
. No interactions were present among the variables and cropping system individually the results are averaged so each factor can be considered independently. Cropacross sample positions, this takes texture into account.
ping systems that returned the most residue resulted in the highest levels of total porosity (Table 2) .
Residue Production
Total porosity also differed for site and slope, but there were no significant interactions among site, slope, The amount of residue produced at each sample posiand cropping system. Toeslopes were higher than sumtion from 1986 to 1997, as well as the average annual mit slopes with 0.55 and 0.49 m 3 m
Ϫ3
, respectively (Taproduction for each position is listed in Table 2 . Stratton ble 3). These results are also related to the amount of produced the greatest amount residue (38.6 Mg ha Ϫ1 ) residue produced at each site and slope position (Taover the 12-yr period, Sterling was intermediate (30.3 ble 2). As residue (and therefore organic C) increased Mg ha Ϫ1 ), and Walsh produced the least with 16.8 Mg so did total porosity (Fig. 1 ). Figure 1 also shows that ha Ϫ1 (Table 2 ). The toeslope produced more residue when regressed, 72% of the variability in total porosity (33.1 Mg ha Ϫ1 ) than the summit slope (24.0 Mg ha Ϫ1 ) can be explained by the amount of crop residue prooverall and at all sites (Table 2) . Overall the CC cropduction. ping system had the highest production (36.6 Mg ha Ϫ1 ) Bulk density values showed the same results as total porosity since they are inversely related to one another.
Table 2. Total and average yearly crop residue production from
Positions that had the highest porosity also had the 1986 to 1997 at Sterling, Stratton, and Walsh, CO by cropping system and slope position. lowest bulk density and vice versa (Table 3) .
Effective porosity results showed that CC had the ity can be explained by crop residue production (Fig. 1 ).
Stratton
Again, as crop residue increased so did effective poros- ity (Fig. 1) . the effective porosity (Ahuja et al., 1984) . Sorptivity was not affected by cropping system (Table 4 ) and our hypothesis was rejected. It is possible that in a long- † WF ϭ wheat-fallow, WCF ϭ wheat-corn-fallow, CC ϭ continuous cropping.
term no-till soil, what we measured is not the sorptivity of the soil matrix in the original sense, but rather a of stable root channels, but the higher residue producing sites and slope positions did create significant difmeasure that is dominated by flow into macropores ferences. created by root channels. Such a flow would not be expected to relate to effective porosity, as the effective Macroaggregates porosity measured on soil cores in the laboratory generally excludes the root channels that drain at a very small
The proportion of aggregates as macroaggregates was tension. Therefore, the results indicate that the cropa function of site, slope, and cropping system (Table 5) . Their interaction was attributable to soil texture and ping systems did not significantly influence the creation Fig. 1. Total and effective porosity in 1998 as a function of crop residue production over a 12-yr ). Wheat-Fallow had 0.42 kg kg Ϫ1 macroaggregates which was not significantly different than CC or WCF crop residue production differences among sites and (Table 5) . These results were not related to cropping slopes. Since these interactions were significant it is necessary to evaluate how individual cropping systems afsystem effects or residue production, but most likely to landscape topography. The Stratton toe experiences not fluctuate with changes in total organic matter content (Tisdall and Oades, 1982) . Therefore, crop residue deposition and erosion processes from three slopes. This causes extreme variability in texture (Table 1) , and macaddition variances attributable to cropping systems do not affect microaggregate formation. However, microroaggregate percentages.
Cropping systems had no effect on macroaggregates aggregates combine to form macroaggregates (Baver, 1956; Tisdall and Oades, 1982; and Elliot, 1986) . Thereon the summit position at Walsh (Table 5 ). This was because of the sandy loam texture at this soil position fore we expected to see an inverse relationship between micro and macroaggregates because the number of mi-( Table 1 ). The high sand content of the Walsh summit does not allow particle cohesion and thus limited aggrecroaggregates should decrease as they combine to form more macroaggregates. Areas with higher levels of macgation is present. Soils need 15% clay to form aggregates (Horn et al., 1994) , and the Walsh summit had Ͻ15%
roaggregates should have lower levels of microaggregates and vice versa. Overall this did not turn out to be clay. Few aggregates formed at this position in any of the cropping systems; CC, WSF, and WF had 0.07, 0.06, the case. The Stratton summit slope had lower levels of microaggregates in CC (0.18 kg kg Ϫ1 ) and WCF (0.20 kg and 0.08 kg kg Ϫ1 , respectively (Table 5 ). Crop residue production across the three cropping systems also was kg Ϫ1 ) compared with WF (0.25 kg kg Ϫ1 ), and the Walsh toeslope had lower levels in CC (0.16 kg kg Ϫ1 ) than in relatively similar at this position. Because of the low clay and high sand contents, even higher levels of resi-WF (0.21 kg kg Ϫ1 ) (Table 5 ). However, these were the only data that supported our expectations. Microaggregdue input into the soil could not increase macroaggregation.
ate levels do not appear to be significantly reduced by high levels of macroaggregates. The toeslope soil at Walsh had a loam texture, and this allowed for aggregation potential similar to that at Sterling, which also had a loam texture (Table 1) .
SUMMARY AND CONCLUSIONS
Continuous cropping had the highest percentage of macroaggregates with 0.34 kg kg Ϫ1 , but WSF and WF did After 12 yr of continuous no-till management, physinot differ from each other with 0.31 kg kg Ϫ1 and 0.28 kg cal properties of the surface 2.5 cm of soil were improved kg Ϫ1 , respectively (Table 4) . As expected, CC had the by more intensive cropping systems when compared highest levels of macroaggregates on the toeslope bewith WF. Any combination of cropping systems, sites, cause of the high level of residue addition. However, and slope positions that increased crop residue producwe also expected that WSF macroaggregation would be tion resulted in decreased bulk density and increased increased relative to WF because crop residue producporosity (total and effective), which in turn should benetion levels for WSF on the toeslope were similar to CC fit long term productivity of the system. Soil sorptivity, while related to effective porosity, and higher than WF. Texture is a nonfactor on the showed no changes across cropping systems and appears toeslope as all cropping systems are loams. The inconsisto have no link to crop residue management. This may tency is not explainable with the existing data.
be because of root channels or other preferential flow Our macroaggregation results support the initial characteristics that a long-term dryland no-till system hypotheses that increased crop residue production will can produce. increase macroaggregation because the more intensive Overall proportion of macroaggregates increased as cropping systems typically resulted in higher percentcropping intensity, crop residue, and subsequent SOM ages of macroaggregates. We originally thought that the production increased. Greater proportions of macroag-WCF system would be intermediate between the CC gregates provide opportunity for greater and more rapid and WF systems. However, CC and WCF generally difprecipitation capture which will improve long-term profered very little. Although CC produced more crop resiductivity. due than WCF, it did not lead to greater levels of stable Overall, the results of this study showed that cropping macroaggregates. It is possible that soils have a threshsystems which increased crop residue production and old organic matter requirement for aggregate stabilizareturned more residue to the soil than WF also improved tion and that this threshold was exceeded by both the surface soil physical properties. No previous study has WCF and CC. Macroaggregation was related to both examined the effects of cropping systems and residue clay content (Table 1) and crop residue production, and production in a dryland no-till system on bulk density, regression analysis showed that 95% (R 2 ϭ 0.95) of the porosity, sorptivity, and aggregation. These effects have variability in macroaggregates was explained by these also never been examined across slope topography (soil two factors. catena) and site locations (evaporation gradients), or within in the surface 2.5 cm of soil (the initial soil-water Microaggregates interface). The final aspect of this study that makes it Microaggregate stability is not affected by manageunique is the temporal component. Our sites and cropment practices or SOM content (Elliott, 1986; ping systems had been in place for 12 yr prior to samand Oades, 1980) . Aromatic humic materials associated pling. This afforded us the opportunity to study prowith amorphous Fe and Al compounds and polyvalent cesses whose cumulative impact may only be obvious metal cations are thought to be responsible for microafter several years. By decreasing bulk density and inaggregate stability (Elliott, 1986; Tisall and Oades 1982) , creasing porosity and aggregation in the surface 2.5 cm of soil, the potential for rapid capture of rainfall inand these compounds are relatively permanent and do
